Abstract-In this paper, we propose a new unequal error protection (UEP) scheme, called video packet partitioning for three-dimensional (3-D) video transmission. We also propose a new 3-D video transceiver structure that adopts various UEP schemes based on the packet partitioning. The proposed schemes are applied for the modern 3-D video techniques, i.e., multiview video coding (MVC) and color plus depth (VpD). The schemes for MVC and VpD are tested over cooperative multiinput multi-output-orthogonal division multiplexing (MIMO-OFDM) systems. For channel adaptation, we propose switching operations between the proposed schemes to achieve a trade-off between the system complexity and performance. Experimental results show that the proposed schemes significantly achieve high video quality at different signal-to-noise ratios (SNRs) in the wireless channel with the lowest possible bandwidth and system complexity compared to the direct transmission schemes.
I. INTRODUCTION
Recently, fourth generation (4G) wireless technology has made it possible to deliver three-dimensional (3-D) video services with high data rates and high video quality. This is due to advances in the technology of the physical layer that have allowed adopting spatial modulation multiplexing techniques such as multi-input and multi-output (MIMO) methods to provide high data rates. In addition, the powerful multicarrier modulation techniques such as orthogonal frequency division multiplexing (OFDM) can be used to increase transmission bandwidth efficiency. Furthermore, cooperative diversity was proposed to reduce the size and power constraints caused by an increased number of antennas in MIMO-mobile devices [1] . The main challenges to realizing this goal are to design efficient 3-D video coding and transmission methods to achieve robust video transmission over error-prone wireless channels [2] .
Generally, video communication systems should use errorresilient video coding and powerful channel coding techniques to provide reliable video communication over error-prone wireless channels [3] .
Many different types of error resilient video and channel coding techniques have been proposed in the literature to mitigate the effects of the wireless channel on the 3-D video sequence [4] [5] [6] [7] [8] . These schemes basically depend on the direct transmission schemes that give more protection to the independently-encoded view such as the right (color) view than the dependent view (left/depth). However, they depend on fixed design without taking into account the priority of protection of video packets inside the views. Therefore, they are unable to change their design in adapting to the timevarying wireless channel. In addition, these designs require high date rates for transmission to overcome the effects of error propagation in the wireless channel.
In this paper, we extend our previous work in [9] to address the issues raised above by contributing the following: 1) We propose a new 3-D video transceiver architecture that adopts various unequal error protection (UEP) schemes for transmission. The proposed schemes based on video packet partitioning which classifies the video packets based upon the group of pictures (GoP) for the MVC and VpD into sub-groups. Each sub-group being classified according to the high-priority (HP) or low-priority (LP) streams according to the position of sub-group between the GoP packets. The classification method depends on isolating the HP and LP streams inside each view of MVC. We also apply the proposed schemes for VpD to classify the video packets inside the color and depth sequences; 2) We propose a new transmission protocol which selects the best UEP schemes between the proposed schemes and adopts the switching operation between the selected schemes to achieve high video quality with the lowest bandwidth and system complexity; and 3) We combine two error-resilient video methods to overcome the effects of noisy channels. The first method depends on resynchronization patterns and the second one uses the channel state information (CSI) signal to control the low-density parity-check (LDPC) encoders to allocate equal or unequal protection to the HP and LP streams.
The remainder of the paper is organized as follows. The system model is described in Section II. The proposed UEP schemes and problem formulation are presented in Section III. Experimental results and discussion are described in Section IV. Finally, Section V concludes this paper. 
II. SYSTEM MODEL

A. 3-D video encoder
The 3-D video input is generally captured by two cameras representing the left and right views. After that, the stereoscopic views are represented by the MVC or VpD representation [10] . The use of these methods is basically determined by the underlying 3-D video application and display techniques. In this paper, MVC and VpD representations are used and tested because they are appropriate for low-rate applications such as mobile video services [10] .
B. Video packet partitioning
As mentioned in [9] , it is possible to enhance the video transmission and reduce the data rates for transmission by dividing the video packets per GoP into a number of packet groups (GP) (g 1 ,g 2 ,. . .,g N g ) as shown in Fig. 2 . These groups can be classified according to their loss effects on the total video quality when they lost in the video decoder. To illustrate the loss effects of each group on the quality of reconstructed video sequence, we divide each GoP in several video sequences such as 'Car', 'Hands' and 'Horse' videos in [11] , with 30 frames per second (fps) of 432×240 pixels and a GoP of 10 frames, into four groups (N g = 4) g 1 , g 2 ,g 3 , g 4 . We test each sequence by discarding each group packets individually. In the first test, we discard the g 1 only, while g 2 ,g 3 and g 4 are reconstructed perfectly. This usually happens when the video decoder loses the g 1 packets because there is still bit error left in g 1 packets even after LDPC decoding. In the second test, third and fourth tests, the same procedure is performed on g 2 , g 3 and g 4 , respectively. In addition, we measure the video system performance for each test in terms of the peak signal-to-noise ratio (PSNR) and video distortion. Table I reveals the video system performance for each test sequence. As shown in this table, the worst PSNR occurs when the g 1 packets are lost, while the distortion is minimum when error propagation takes place within the packets in g 4 . In conclusion, the priority order of the GP from high to low is g 1 , g 2 ,. . ., g N g . Therefore, the video packet partitioning operation classifies the packets to HP and LP streams according to their position in the GoP packets.
C. Transmitter control unit
We propose a control unit in the transmitter to control the coding rates for 3-D video and LDPC encoders, and allocate a number of packets for HP and LP streams according to the CSI which is fed by the destination. In addition, the control unit is responsible for the following tasks. 1) It switches the switch circuits to the partitioning path (PP) or the direct path (DP) according to the scheme to be used for the transmission. This is can be achieved by switching two switch circuits, called Switch-1 and Switch-2, to the PP or the DP path according to the control signal SW . For example, if the partitioning schemes are adopted for transmission, the Switch-1 and Switch-2 connect the input to the PP; 2) The CS signal of the control unit controls the Partitioner-1 and Partitioner-2 blocks to select the number of packets to send to the HP and LP streams depending on the current SNR in the channel; and 3) It counts the numbers of frames transmitted and checks the CSI per video frame. When the number of the transmitted video frames reaches the allocated GoP, the control unit selects the scheme and changes the SW and CS for that purpose.
D. Error protection
Two LDPC codes with variable channel coding rates are employed to protect the HP and LP streams. An efficient encoding algorithm for LDPC called the approximate lower triangular form (ALTF) in [12] is adopted and integrated into the 3-D video system. This operation performs as many transformations as possible in order to reduce the gap (g) in the ALTF matrix, where the encoding complexity is proportional to the gap size. For decoding, a sum-product algorithm (SPA) is utilized.
E. Error resilient methods
In this paper, we combine two error-resilient video methods to overcome the effects of noisy channels . The first method depends on resynchronization patterns. The video decoder utilizes this pattern to maintain the synchronization with the video encoder by restarting the decoding operation when the system can not mitigate the bit error in the video packet. The decoder can easily detect the bit error using a cyclic redundancy check (CRC) on the decoder side. The second method uses the CSI signal to control the LDPC encoders to achieve adaptive video transmission. In this approach, the 3-D video transmitter allocates different code rates to the LDPC encoders corresponding to the UEP schemes or the same code rates for the EEP scheme.
F. Cooperative MIMO-OFDM systems
As shown in Fig. 1 , the HP and LP bits produced by the LDPC encoders are mapped into a sequence of symbols belonging to a constant modulus constellation such as Mary phase shift keying. The symbols are encoded by the space-time block encoder and sent simultaneously over the channel in multiple consecutive OFDM symbol intervals to the destination and relay.
In this paper, we adopt the cooperative MIMO-OFDM architecture propsed in [9] as the underlying physical layer model.
III. PROPOSED UEP SCHEMES AND PROBLEM FORMULATION
We propose significant UEP schemes that solve three problems design for the 3-D video system.
A. Proposed UEP Schemes
The UEP Schemes are proposed to enhance the video transmission and reduce the data rates for transmission. These schemes classify the packets inside the each view of MVC. In addition, they classify the packets inside the color and depth for the VpD. For MVC, the summary of each scheme as follows. 1) The first scheme, called partitioning-multiview coding (P-MVC), employs packet partitioning, where SPS, PPS and I-frame packets in the first and second layer sequences are classified as HP packets while P-frame packets are considered as LP packets.
2) The second scheme, called P-MVC-1/4, considers the g 1 and I-frame packets in the first and second layers as the HP packets.
3) The third method, called P-MVC-1/2, considers g 1 , g 2 and I-frame packets in both layers as the HP packets. For VpD, the same classifications of packets are applied. Therefore, we have three UEP schemes which are P-VpD, P-VpD-1/4 and P-VpD-1/2.
B. Problem Formulation and Solution
The proposed UEP schemes solve three problems which are: 1) The complexity of channel encoding and decoding: The LDPC performance in terms of the bit error rate (BER) is shown in Fig. 3 for the set of code length 2048 and fifty maximum iterations with variable coding rates R = 8/16, 9/16, . . . , 13/16 under BPSK modulation. The gap values are determined for each coding rate as shown in Table II . As can be observed from Fig. 3 , decreasing the code rates reduces the BER. On the other hand, it also increases the size of the gap as shown in Table II . This leads to increase computational complexity for channel encoding and decoding. Therefore, the best method to solve this problem is to adopt the low code rates at low SNRs, and the moderate and high code rates at moderate and high SNRs, respectively. In this approach, we maintain high video quality at different SNRs and reduce the complexity of the system with improve of SNR in the wireless channel.
2) Direct transmission requires high bandwidth for transmission: In general, the direct schemes require more bandwidth for transmission compared to packets partitioning schemes. To overcome this problem, we propose the packets partitioning method which significantly reduces the required bandwidth for transmission compared to the direct schemes.
To illustrate this point, we measure the required data rate to transmit MVC and VpD under different schemes. Table III shows the required data rates in Mbps for different MVC and VpD schemes, where the total date rate R T = (1 + ρ 1 )R HP + (1 + ρ 2 )R LP in bps, ρ 1 and ρ 2 are parity bit ratios for the first and second LDPC encoders, respectively, R HP and R LP are bit rates for the HP and LP streams, and r HP and r LP are the code rates for LDPC encoders.
As shown in Table III , we can conclude that the packet partitioning schemes either for MVC or VpD significantly reduce the required data rates for transmission compared to the direct schemes. For example, the P-MVC-1/2 scheme at r HP =4/16 requires less 0.7115 Mpbs than the D-MVC-1/2 scheme at r HP =4/16 for the "Car" sequence, 1.1894 and 0.48 Mpbs for the "Hands" and "Horse" sequences, respectively.
3) The different performance of direct and packets partitioning: The packets partitioning schemes are more reliable than direct schemes. However, the direct schemes are simpler compared to the partitioning schemes. Therefore, the best solution for this problem is to strike a trade-off between the complexity of the partitioning schemes and the simplicity of the direct schemes. This is achieved by adopting the partitioning schemes at low and moderate SNRs, and the direct schemes at high SNRs. In this approach, we maintain high video quality at low and moderate SNRs and reduce the complexity of the system at high SNRs. This point will be explained in more details later in the subsequent section.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
In order to evaluate the performance of the proposed system and schemes, several experiments are conducted with typical 3-D video sequences of "Car", "Hands" and "Horse" in [11] , with 30 frames per second (fps) of 432x240 pixels and a GoP of 10. Each GoP is divided into four groups (N g = 4) g 1 ,  g 2 ,g 3 , g 4 . In this paper, the MVC codec based on H.264 in [13] [14] is adopted for encoding the left and right views, while the H.264 reference software JM version (13.2) [15] is used for encoding the right (color) and depth sequences. For the cooperative MIMO-OFDM system, we employ the simulation configurations in [9] .
A. Performance Comparison between partitioning and direct schemes
Figs. 4 and 5 plot the average decoded 3-D video quality in terms of PSNR with different direct and packets partitioning schemes for MVC and VpD for "Car", "Hands" and "Horse" sequences, respectively. The results lead to the following observations: 1) In Fig. 4 , the performance of the packets partitioning schemes (P-MVC, P-MVC-1/4,. . . , etc.) either for r HP =4/16 or r HP =8/16 significantly improve the system performance compared to the direct schemes at different SNRs (-9 (minus 9) to -2 dB). For example, the P-MVC-1/2(r HP =4/16) and P-MVC-1/4(r HP =4/16) schemes in Fig.  4 -(a) improve the PSNR with 7.8 and 2.94 dB compared to D-MVC-1/2(r HP =4/16) at SNR=-7 dB; 2) In Fig. 5 , the performance of the packets partitioning schemes (P-VpD, P-VpD-1/4,. . . , etc.) compared to direct schemes (D-VpD) is very close and improves the PSNR at different SNRs. For example, in Fig. 5-(a) , the difference PSNR between the P-VpD-1/2 and D-VpD-1/2 at r HP =4/16 is 0.3 dB at SNR=-8 dB, while their performance is very close with the increasing of SNRs. In addition, if we compare the P-VpD-1/4(r HP =4/16) with D-VpD(r HP =8/16) at SNR=-8 dB, the improvement of PSNR=4.13 dB; 3) The packets partitioning schemes keep the system to provide high PSNR although the SNRs are changed in the wireless channel. For example, in Fig. 4-(a) , the P-MVC-1/2(r HP =4/16) scheme enhances the system to achieves PSNR between 32.51 to 38.45 dB over SNRs from -9 to -2 dB. In addition, in Fig. 5-(c) , the P-MVC-1/2(r HP =4/16) scheme keeps the system with PSNR=34.41 to 37.96 dB at different SNRs. This regards to the isolation method of HP packets inside the right (color) view and left/depth sequence. In this case, the noise is only affect in the LP packets which do not affect on the overall reconstructed video quality; and 4) The decreasing in the data rate reduces video signal protection, which makes the video signal more sensitive to error propagation. This fact can be clearly seen in the D-MVC and D-VpD schemes at r HP =13/16. Therefore, we have to resort to UEP schemes for enhancing the system at different SNRs. However, the UEP schemes make the channel encoding and decoding operations more complicated, and require high data rates for transmission. Therefore, with suitable allocation of the channel code rates based on the channel's SNR, the high system performance with a lower computational complexity of encoding and decoding operations, and data rates can be achieved. Therefore, we propose Switch-1 and Switch-2 as shown in Fig. 1 that switch to the packets partitioning schemes (P-MVC, P-MVC-1/2,. . . , P-VpD, P-VpD-1/2,. . . ,etc.) at low and moderate SNRs, while they switch to direct schemes at high SNRs. Thus, this adaptive technique achieves a trade-off between the display the 3-D video signal with high video quality at low and moderate SNRs and reducing the complexity of the encoding and decoding operations as well as the required data rates at high SNRs. 
B. The 3-D video protocol
In Figs. 4 and 5, the performance of P-MVC-1/2(r HP =4/16) or P-VpD-1/2(r HP =4/16) scheme is better than other schemes at low SNRs between -9 to -5 dB, while their performance are close and match with other schemes at moderate and high SNRs (-5 to -3 dB), respectively. Based on this observation, we can consider the SNR=-5 and -3 dB as SNR thresholds which can be exploited to make the control unit switch the system from a scheme to another to keep high video quality with reducing the data rates and system complexity according to the improvement of SNRs. Therefore, the control unit controls the system to adopt the following 3-D video protocol to achieve high video quality at different channel states with the lowest bandwidth and system complexity. This protocol is: the P-MVC-1/2(r HP =4/16) or P-VpD-1/2(r HP =4/16) is adopted for transmission between SNR=-9 and less than -5 dB, the P-MVC-1/4(r HP =8/16) or P-VpD-1/4(r HP =8/16) is used between SNR=-5 and less than -3 dB, and the D-MVC(r HP =13/16) or D-VpD(r HP =13/16) scheme is utilized when SNR greater than or equal to -3 dB.
C. Performance Comparison between VpD and MVC schemes
If we compare Fig. 4 with Fig. 5 at different video sequences and schemes, it is clearly seen that VpD schemes either using direct or packet partitioning are better than MVC schemes at low SNRs (-9 to -5 dB), while their performance are close at moderate and high SNRs (-5 to -2 dB). For example, in Figs. 4-(b) and 5-(b), the P-VpD-1/2(r HP =4/16) achieves PSNR=30.02 dB at SNR=-9 dB, while P-MVC-1/2(r HP =4/16) achieves PSNR=26.31 dB. This fact regards to the depth structure that is less affected by noise. Therefore, the VpD is more appropriate for 3-D video transmission at low SNRs.
D. Threshold SNR selection
The SNR thresholds are determined by the design of the wireless system such as the cooperative MIMO-OFDM system in this paper. To apply this threshold approach in more general cases, the control unit can be made to respond to the number of packets which are lost at the video decoder and the positions of these packets in the GoP. This is easily achieved using CRC. For example, if the D-MVC scheme is adopted and the decoder loses the g 1 and g 2 packets in a certain GoP. This means the SNR in the channel is low. Therefore, the control unit will switch the transmitter to adopt the P-MVC-1/2 scheme for transmission in the next GoP in order to overcome the low SNR problem until the SNR improves, then the control unit will switch the transmitter to adopt the D-MVC scheme again.
V. CONCLUSION
This paper put forward a novel unequal error protection scheme, called video packet partitioning to transmit 3-D video sequences. Various UEP schemes depending on this scheme were proposed to isolate the important packets inside the right (color) and left/depth sequences. The proposed schemes were tasted over the cooperative MIMO-OFDM system. A new 3-D video protocol was proposed that adopts the best UEP schemes to achieve high video quality at different SNRs with the lowest bandwidth and system complexity. A unique efficient control unit in the transmitter was suggested to perform many tasks needed to achieve a high video quality. Simulation results on standard video sequences showed that the system was less complex and always provides high PSNR at every SNR compared to the direct schemes. Therefore, our proposed system provides a high level of flexibility and efficiency to adapt to the conditions of the wireless communication channel.
